There is a clear north to south gradient in concentration with highest concentrations of nitrate observed in the northern regions of the ice sheet. However, there are also temperature and accumulation gradients from 
Abstract
Analysis of 96 snow-pit and ice core records of nitrate distributed over the Greenland ice sheet demonstrates the influence of accumulation and temperature on preservation of nitrate. The mean ice sheet concentration in the dry snow zone (2000 ≥masl) is 132 ng g -1 ranging between 47 and 265 ng g -1 with a standard deviation of ±37 ng g -1 . Nitrate flux varies between 1.1 and 14.7 μg cm -2 a -1 with a mean of 4 ± 2 μg cm -2 a -1 . Large scale spatial variability exists as a result of accumulation gradients, with concentration 5% greater in the northern plateau, yet flux over the northern plateau is 30% lower than the dry snow zone as a whole. representing flux and variability in the northern half of the ice sheet by a factor of 4. Overall, the data supports the ice sheet acting as an archive of paleo-atmospheric concentration despite the affects of post-depositional processing. This is tested by evaluating past spatial relationships, and yields the result that the Arctic has historically been 'polluted' with respect to reactive N concentrations relative to other parts of the free troposphere.
INTRODUCTION
Temporal increases in nitrate deposition in Greenland ice cores are highly correlated with anthropogenic activities [Fischer, et al., 1998a; Mayewski, et al., 1990] . Current values from
Greenland ice cores are nearly double those prior to 1940. It is unclear if this increase is uniform over the ice sheet or if the anthropogenic increases have resulted in a geographic shift in nitrate concentration. The spatial variability of nitrate concentration and nitrate flux over Greenland has been investigated in the northeast [Fischer, et al., 1998b] , a region that is subject to postdepositional snow-to-atmosphere chemical exchange, and spatial trends have been attributed to changes resulting from accumulation variability. Röthlisberger [2002] evaluated trends in nitrate over Greenland and Antarctica, showing high correlations between temperature and nitrate concentration, as well as an effect of volcanic sulfate in mobilizing nitrate in the preserved record. While their study evaluated a larger area of the Greenland ice sheet than did the Fischer analysis, their records were not all contemporaneous, nor did they cover as wide a range of accumulation regimes as is presented in the current analysis. This paper expands on the previous two investigations, and for the first time presents nitrate concentration and flux records from widely varied regions of the ice sheet covering several accumulation, temperature, and elevation regimes.
We have analyzed records from 99 contemporary ice-core and snow-pit locations geographically distributed over the ice sheet to evaluate the dependence of nitrate concentration and flux on environmental variables, i.e. accumulation and temperature, and to ascertain the magnitude of spatial variability of nitrate deposition over Greenland. Using the information contained in time-series data from each location, and the spatial relation of the mean values at each site, we address four questions. First, are nitrate concentrations and flux uniformly distributed over the ice-sheet i.e. is the ice sheet a homogeneous paleoatmospheric archive for nitrate? Second, has the geographic distribution of nitrate over the ice sheet shifted during the period of recent anthropogenic influence? Third, what is the spatial variability of nitrate deposition, and how is it related to accumulation variability? Fourth, do current flux estimates from a global tropospheric transport model capture the spatial and temporal variability of flux over the ice sheet as recorded in ice cores?
DATA AND METHODS

Ice core and snow-pit records
The dataset for the analysis was developed from three recent sources: 1) the Program for Arctic Climate Assessment (PARCA) cores collected from 1993 to 2003, 2) the North Greenland Traverse (NGT) cores and snow pits collected between 1993 and 1995, and 3) a Summit core, collected in 1999. The PARCA cores were developed primarily to investigate the variability of
Greenland Ice Sheet accumulation in the dry snow zone, generally defined as a region above 2000 m.a.s.l., and as such are well distributed to capture various accumulation regimes and spatial gradients (Table 1 and Figure 1 ). All PARCA cores were dated using a combination of seasonally varying markers (H 2 O 2 , δ 18 O, dust, NO 3 -, NH 4 + , and Ca +2 ) and specific timestratigraphic markers (SO 4 2-, beta radioactivity). The major ion and H 2 O 2 records were developed using continuous flow analysis (CFA) [Anklin, et al., 1998; Bales, et al., 2001b; Röthlisberger, et al., 2000] , while discrete samples were analyzed for δ 18 O and dust. Subsections were measured for beta radioactivity and SO 4 2-to capture specific volcanic peaks and beta horizons, spikes in tritium resulting from nuclear bomb testing during the 1960's, as absolute age indicators [MosleyThompson, et al., 2001] . This method enables multi-parameter dating with accuracy of essentially zero over the time periods considered in this paper. For the development of the annual concentration values, layer thickness for each year was determined from either the winter minimum of H 2 O 2 or the spring peak in calcium.
The NGT data are available from the PANGAEA database (www.pangaea.de), including 28 snow pit and three deeper ice cores (B16, B18, and B21) collected along a south to north traverse (71ºN to 80ºN) through northeastern portion of the Greenland ice sheet (Figure 1 ) [Fischer, 2003] . The snow pit samples and ice cores were analyzed at high resolution (8 samples / year) for major ion concentrations and δ 18 O [Fischer, 1997 [Fischer, , 2000 Fischer, et al., 1998a] . Annual concentrations were determined using the calcium maximum to define individual years. Dating of the cores is accurate to ± 1 year.
The Summit 99 core was collected 7 km northeast of the Greenland Environmental
Observatory at Summit (GEOSummit). The core was analyzed in the field for NO 3 -, H 2 O 2 , Ca +2 , NH 4 + , and HCHO using CFA analysis. Further analysis was conducted in the laboratory after the field season using CFA with Trace Element analysis (CFA-TE) [McConnell, et al., 2002] . To convert the concentration records from depth to time and to determine layer thickness of 
Kriging
Of the 99 points used in the analysis, record lengths for the period 1850-1995 vary from 2 to 146 years, with an average record length of 18 years ( Figure 2a) . For the period 1988 For the period -1994 there are 99 records with at least 2 years of data ( Figure 2a ). Ice core locations were not significantly clustered and are well distributed with respect to elevation and latitude, centered at 2500 masl and 72.5 ºN. The meridional location of core and snow pits are well distributed in the southern region with semi-regularly spaced (~100-150 km separation distance) locations distributed throughout (Figure 2c -e.). North of 70º N the records are less distributed, with a large portion of the data from the NGT traverse. We used the UTM 24N coordinate system for our easting and northing directions.
The variogram modeling module for irregularly spaced data, gamv, from the GLIB software package was used to model the variograms. For concentration we used a spherical model with sill of 25 (ng g -1 ) 2 and a nugget of 15 (ng g -1 ) 2 . For flux our spherical model had a sill of 1.1 (μg cm -2 a -1 ) 2 with a nugget of 0.9 (μg cm -2 a -1 ) 2 . We chose to preserve the spatial variability by using a relatively short lag increment (15 km) for 15 lags. The major range of the variogram model for concentration was 60 km and for flux 150 km. We evaluated anisotropy by examining our sample variograms in several search directions but found no improvement with directional variogram modeling. In most cases a search radius of 150 km allowed for at least 4 points being included in the estimate. In cases in which no data were available within that area, a prediction was not made. This was generally only necessary in the north central and eastern portion of the ice sheet.
Surface maps of nitrate concentration and annual flux were developed for the Greenland Ice Sheet in the dry snow zone using ordinary kriging. For the flux data a log transform was required as a result of the high degree of skewness. Both second-order drift surfaces and log transforms of the data were accounted for in the geostatistical analysis. As a result of the log transformation for the flux data, we followed the back-transformation procedures standard to log normal kriging to generate the final prediction surfaces.
After evaluating the sample variogram for concentration and flux, three points were removed from the dataset as a result of their individual contributions to the sample variogram at short lag increments. One point was from the Gits location, another from the Tunu cluster, and a third shallow core located on the western portion of the ice sheet (P-7249). Both the Gits and Tunu cores were collected in addition to a main core, at each site. Reviewing the individual points, we found the value of the Tunu core was nearly twice in concentration of any surrounding core and also had a much greater standard deviation. At the Gits site, the core was also significantly higher in concentration than the main core. Closer analysis of the data showed significant variability, which could be the result of melt layers causing nitrate to accumulate due to percolation. For the P-7249 core, the concentration was within the range of the surrounding cores, however the accumulation was twice that of the surrounding cores, indicating that it may have been located on an accumulation dome, or some other anomalous feature. Note that this particular point was also removed from the kriging analysis when the authors developed a new accumulation map for the Greenland Ice Sheet based on the PARCA dataset [Bales, et al., 2001a] .
GEOS-CHEM atmospheric transport modeling
A tropospheric chemical transport model driven by assimilated meteorological data from the NASA Goddard Earth Observing System (GEOS) was used to generate total reactive N surface fluxes over the Greenland ice sheet. The GEOS-CHEM model (version 7-01-02, http://www-as.harvard.edu/chemistry/trop/geos/) uses meteorological data including 3-D fields updated every 3 hours for surface fluxes and mixing depths, and every 6 hours for other variables.
We use for this study the GEOS data for 1987-1995, at a resolution of 2 o latitude by 2.5 o longitude with 20 vertical sigma layers. The five lowest levels are centered at 50 m, 250 m, 600 m, 1100 m, and 1750 m for a column based at sea level Park, et al., 2003; Park, et al., 2004] .
The GEOS-CHEM model includes a detailed simulation of tropospheric ozone-NO xhydrocarbon chemical mechanism (~80 species, ~300 reactions). The aerosol and oxidant simulations are coupled through formation of sulfate and nitrate, HNO 3 (g)/NO 3 -partitioning of total inorganic nitrate, heterogeneous chemistry [Jacob, 2000] , and aerosol effects on photolysis rates . Partitioning of total ammonium and nitric acid between the gas and aerosol phases is calculated using the MARS-A thermodynamic equilibrium model [Binkowski and Roselle, 2003] . Anthropogenic NO x emissions are from the Global Emission Inventory Activity (GEIA) [Benkovitz, et al., 1996] and are scaled to the given year as described in . Soil NO x emissions are computed locally using a modified version of the [Yienger and Levy, 1995] [Duncan, et al., 2003] . Ammonium emissions are based on annual data for 1990 from the GEIA inventory of Bouwman et al., [1997] as described in Park et al., [2004] . Wet deposition follows the scheme of Liu et al. [2001] , including contributions from scavenging in convective updrafts, rainout from convective anvils, rainout and washout from large-scale precipitation, and species-dependent release of gases upon cloud freezing [Mari, et al., 2000] . Dry deposition is simulated with a standard resistance-inseries model dependent on local surface type and meteorological conditions, as described by [Wang, et al., 1998 ].
For inter-comparison with the ice-core and snow-pit location data we kriged the GEOS-CHEM output. For each of the grid node locations we calculated the deviation from the 1988-1994 average (D yr ) for that location:
where A yr is the yearly average value at the point and A p is the average value at the grid node for the 1988-1994 period. Note that we parameterized the partial sill and nugget of the variogram model for each year but kept the major range, number of lags, and lag size constant.
RESULTS
Distribution of nitrate concentration and flux
The average nitrate concentration from all points across the ice sheet for 1988-1994 is 132 ng g -1 with a range of 47-265 ng g -1 and a standard deviation of ±37 ng g -1 (Table 1) . (Figure 3b) which is well within the values of the point measurements. For flux the standard error was 1.3 μg cm -2 a -1 with root mean square prediction error of 1.1 μg cm -2 a -1 .
Two features are prominent in the kriged surface of concentration: 1) a gradient of increasing concentration from the southeast to the northwest is notable, particularly over the northern plateau north of 70ºN, and 2) a strong west to east decrease between the 65º -75º N parallels ( Figure 3a ). In the southern region high variability and a general decrease in 
Temporal patterns of distribution
During our analysis we found three accumulation regimes within the dry snow zone that warranted individual analysis over the Greenland Ice Sheet. In Table 2 we have grouped these regions into three categories: high accumulation (> 500 kg H2O m -2 a -1 ), moderate accumulation 
Spatial variability of nitrate
For seven geographic clusters of ice cores and three co-located cores coefficients of variability were calculated on a year-by-year and core-by-core basis as the difference between an individual core's annual value and the mean of all other cores in the cluster. Temporal variability for each core is calculated as the difference between annual concentration value and the mean value for that core for the period of analysis. All time series were detrended using linear regression and normalized by dividing by the mean. In all cases, spatial variability was significant. For cluster 6838, which also has the largest mean distance (131 km) between core locations, the spatial variability actually exceeded the year to year variability. Following McConnell, et al., [2000b] and Fisher [1985] we evaluated the effect of the spatial variability on the overall estimate of variability for each site. The contributed component of variability from spatial affects is developed assuming that the observed variability in an individual Var(x), is the sum of the synoptic scale atmospheric variability, Var(C), and the pseudo-random spatial variability, Var(e), given the recorded signal
Var(x) denotes the variability of the record, and not the variance. For two co-located cores, the time series x(t) and y(t) will have Var(x) and Var(y). Signal and noise components of the time series was separated using the cross-correlation coefficient between the two sites, r xy , such that
Var(C)= r xy Var(x) and Var(e x ) = (1-r xy )Var(x). In cases of more than two cores per location, we used the average correlation coefficient from the central core to all other cores to estimate r xy .
Two weaknesses in this method are: 1) similar to the McConnell [2000b] analysis, neither signal (x or y) is noise-free, and 2) the time series for co-located and clustered cores is short (~10 years).
In most cases the spatial variability estimate exceeds the estimate of Var(C) ( Table 3) , except in the cases of co-located cores (< 1 km separation). The average separation distance is large (~100 km) compared with most spatial variability studies, and for the two core groups that had field collection arrays designed, and hence lower separation distances, the accumulation rate is low. In regions of low accumulation one can expect significant variability as a result of enhanced post-depositional alteration of the surface snow layer due to photochemistry and physical exchange with the atmosphere as well as contributed uncertainty resulting from a lack of knowledge regarding the accumulation variability. The high degree of spatial variability, certainly driven in part by these factors, complicates any direct relationship between the ice core and the overlying atmosphere.
DISCUSSION
Historic geographic trends
Lower concentrations observed at higher elevations in the pre-industrial period ( sources of pre-industrial reactive nitrogen were essentially balanced with sinks [Galloway, et al., 2004] limiting any increases in the atmosphere. The loss of a significant negative trend with elevation must be a result of enhanced concentrations from anthropogenic activities. A significant geographical shift in the distribution of nitrate has likely resulted from enhanced deposition of N compounds due to increased pollution in the free troposphere. To test this hypothesis, we investigated 5-year averaged rates of change using 12 cores available since 1920, adding seven more cores after 1940. For each time series, we calculated a 1 st -order trend over successive 5-year intervals, and calculated the rate of change for each location and period ( Figure 5 ). Higher elevations exhibited significantly less variability prior to ~1960. We chose the 2500 m elevation break as a high vs. low mark, given us equal populations between the two datasets. We binned all of the rates of change into either a high or low elevation grouping, and used the two-tailed nonparametric Kruskal-Wallis (KW) test to compare each groups for different mean and variance.
The KW test statistic is an extension of the Mann-Whitney test, following approximately a chisquare distribution with k-1 degrees of freedom; P values are derived from this. For small samples the KW test statistic tables are preferred over the chi-square approximation [Conover, 1999] . The null hypothesis is that the distributions have equal mean and variance. We can reject the null hypothesis at the 95 th percentile indicating that rates of change at the lower elevations are significantly greater than rates of change for the higher elevations (P>χ 2 = 0.96). This data supports the argument that the spatial gradients of nitrate over the ice sheet result from regional atmospheric signals, and not just varying air-snow exchange processes.
The latitudinal gradient is not as clear. One would expect higher concentrations in the south, closer to the sources. However, the data show the opposite case. There are various explanations for higher concentrations northward, related to the well known Arctic haze phenomenom, beyond the scope of this discussion. It is also a possibility that the higher concentrations may be related to post-depositional preservation or a combination of the two factors. What appears to be evident from our data set, however, is that the gradient is becoming less significant, likely as a result of increased pollution in the lower (but still historically clean) latitudes.
Regression Analysis
We used stepwise multiple linear regression to evaluate the cause of geographic variability, and its relation to global transport. In order to properly assess the spatial variability we must evaluate how snow concentrations depend on accumulation and temperature [Fischer, et al., 1998b; Röthlisberger, et al., 2002] . Within each accumulation regime, we evaluated the contribution to variability of each variable (latitude, longitude, elevation, accumulation, temperature, and sublimation) to determine whether the observed concentration and flux patterns may be explained simply by shifts in accumulation and/or temperature over the ice sheet rather than gradients in the atmosphere. We selected the records without bias to location using the simple criteria of mean annual accumulation to extract the records for each region. Not surprisingly, however, points for each regime were selected from common regions. The low accumulation area is in the northeastern quadrant of the ice sheet. The high accumulation is in the southeastern-most portion, and the moderate accumulation areas fill in the remaining area. As can be seen in Figure 6 , several of the predictor variables have correlations with one another. The approach of selecting samples from a common accumulation regime was beneficial in that the regression of accumulation with latitude, temperature, or elevation within each region was less significant, thereby reducing the colinearity of our predictor variables.
For all three regimes, accumulation and temperature were the best predictors of concentration. Flux was a function of accumulation, concentration, and temperature, though the relation with temperature did not contribute greatly to the explained variance. Accumulation within a region was best explained by temperature, elevation, latitude, and longitude, the latter being most important in high-accumulation regions as it was essentially a measure of distance to the coast.
Considering all points across the ice sheet for the 1988-1994 period concentration drops off with accumulation ( Figure 7 ). Yet the higher standard deviation evident at low accumulation sites, illustrates that many other variables also contribute to the variability. Unfortunately, the effect of colinearity remains significant enough such that we cannot separate an individual parameter controlling the observed concentration pattern. For instance, in the case of concentration, it is strongly correlated with temperature ( Figure 6 ), yet accumulation is more strongly related to temperature. Thus, is the relationship between concentration and accumulation ( Figure 7 ) driven by accumulation or temperature? In two related papers we have examined the relationship between accumulation and concentration and found that there is no statistically significant relationship for interannual records from an individual site [Burkhart, 2006; Burkhart, et al., 2004] . Furthermore, across the ice sheet, the relationship is significant (Figure 6 ). This is consistent with simple temperature based dependence of preservation whereby increased temperatures yield decreases in surface snow concentrations as a result of simple diffusion processes [Burkhart, et al., 2002; Hutterli, et al., 1999; McConnell, et al., 1997] . The low overall correlation, particularly in the low accumulation region, may be a result of the fact that the near-surface snow pack concentrations are mostly affected by photo-induced processes rather than simple physical degassing of HNO 3 [Dibb, et al., 1998; Honrath, et al., 2002] . [2002], specifically state that surfaces losses are significant, they make no account for subsequent re-deposition to the ice. Findings from an earlier study by the authors [Burkhart, et al., 2004] demonstrated at Summit accumulation was sufficient such that 90% of the deposited nitrate was preserved. The result here of higher concentrations in the low accumulation regions (where losses are expected to be greatest) also warrant further explanation. Figure 3b shows the distribution of flux is closely tied to accumulation, a result that is not surprising. It however also seems to show a negative correlation with concentration ( Figure 1a ).
This result is misleading, and as a result the spatial distribution appears inversely related to concentration. During the regression analysis, it was found that while accumulation alone may account for as much as 40% of the variability of flux in the low and moderate accumulation regimes, the addition of concentration as a predictor variable increases the explained variance to 80% and 90% for each region, respectively; this, despite the apparently low correlation between concentration and flux alone (r 2 < 0.30). The ratio switches in the high accumulation region, where greater variability is explained by concentration, however, the combined prediction is again significantly greater than either predictor alone (Table 4 ).
Drivers of the Spatial Variability
Nitrate deposition is subject to significant spatial variability, particularly in low accumulation regions (Table 3) . For Humboldt and Tunu, this variability was nearly 3 and 4 times that, respectively, of the presumed overlying atmosphere. The only cases in which spatial variability was less than the atmospheric signal was for the co-located cores, which measure spatial variability at a scale of tens of meters. atmospheric concentrations by up to 100%. Note, however, the separation distance is significantly greater than arrays used in previous spatial variability studies [McConnell, et al., 2000a; MosleyThompson, et al., 2001; van der Veen, et al., 1999] .
The spatial variability of nitrate is larger than that which has been previously reported for accumulation [Bales, et al., 2001b; McConnell, et al., 2000a; Mosley-Thompson, et al., 2001] . We noted previously that though concentration alone does not explain a significant portion of the variability of flux, it substantially adds as to the percent variance explained when combined with accumulation. Where accumulation is controlling larger-scale, ice-sheet-wide regional variations in flux, the high degree of spatial variability in concentration creates finer structure to the spatial distribution. What specific process drives the spatial variability of concentration requires closer examination. Specifically, there is the potential that photochemistry and fog deposition events could be significantly effecting surface snow concentrations.
Our records of accumulation are net, or precipitation minus sublimation. Box et. al. [Box, et al., 2004] provide estimates of sublimation over the Greenland Ice Sheet. In their study, the region of lowest accumulation is coincident with areas of negative sublimation (net downward flux of water vapor resulting in deposition).
It is conceivable that the sublimation processes that yield net deposition are highly variable in space and time (personal observations), and have been shown to reach a maximum of 15 mm a -1 in the northeastern portion of the ice sheet [Box, et al., 2004; Box and Steffen, 2001] .
Rime or ice fog forming in the boundary layer has been shown to have very high concentrations of nitric acid, with net depositional fluxes averaged over a 24-hour period of 1.5 × 10 12 molecules m -2 s -1 [Bergin, et al., 1995; Honrath, et al., 2002] and rime concentrations exceeding 500 ng g -1 (unpublished data). Averaged over a year this flux would be ~5 µg cm -2 a -1 . If we assume that half the maximum modeled water vapor deposition from Box et. al.[2004] is distributed evenly over the low-accumulation region of the ice sheet, and the concentration of that water vapor is on the order of 300-500 ng g -1 , concentration increases resulting from the water vapor deposition could be on the order of 20% greater than without. This is greater than the overall difference between the regions (5%). Fluxes from rime or fog observed at the summit of the ice sheet are considerable and could certainly account for a large portion of the increased nitrate concentration and spatial variability in these regions while still accounting for post-depositional losses as proposed by Fisher [1998b] . Note, these fluxes were calculated for summer months and are almost certainly less during the winter. 
Implications for tropospheric transport modeling
The ice-core records of nitrate flux were compared to modeled HNO 3 , NH 3 , NH 4 + , and short six-year period, we used non-parametric methods. This method is preferred, as our data set of flux is non-normal, and short (~6 years). Non-parametric methods are considered more robust as a result of their conservative nature; that is, the rejection of the null hypothesis is less likely. In order to use non-parametric methods, we developed scaled model measurements (C m ) of the form: C m = aM, where a is simply a scaling parameter and M is the original modeled output [McConnell, et al., 2000b] . Least square fit was used to derive a new time series (C m ) and C was tested against C m using the KW test. In the southern region we can accept the null hypothesis that both the scaled modeled time series and the measured time series have identical distribution functions at the 95 th percentile. The P-values are 0.85 and 0.75 respectively for the northwest and northeast region, thus we reject the null hypothesis since the distributions are significantly different (Table 5) .
In all cases the scaling factor a was greater than 1 indicating the model is under predicting actual fluxes measured over the Greenland ice sheet; in the northern regions by a factor of four (Table 5) particular, it appears that coastal cores in the southern region behave asynchronously with cores along the well defined southern divide and 'saddle' [Bales, et al., 2001a; Box and Steffen, 2001; McConnell, et al., 2001] . Despite this, we note with caution that the model captures the average interannual variability of this region very well, as indicated by the Pearson's r (0.84). Recall however, parametric results should be regarded cautiously.
Further evidence of the model succeeding in capturing the interannual variability is evident in 1991 where there are coincident positive deviations in both the ice cores and the modeled results in the central western and southeastern portion of the ice sheet. As well, in 1992
we note the positive deviation at the southwest location which is strongly recorded in the ice cores, UAK4 and UAK5, and is also evident in the model result.
The under-prediction of flux in the northern regions cannot be attributed solely to surface snow processes that alter the distribution of concentration. While it is almost certain that photochemical and physical exchange processes are occurring in the low-accumulation regions, the overall concentrations from the low accumulation are only 5% higher than the mean concentration for the ice sheet over 2000 masl. Flux, on the other hand, is 20% lower in these regions. The failure of the transport model to match the magnitude of reactive N being deposited on the ice sheet could not be accounted for by simply increasing the wet deposition concentrations by 5%. There must be some other transport mechanism the model is failing to capture, or possibly gross underestimation of net precipitation or the net deposition from sublimation. Box et al. [2004] note that the sublimation algorithms in global climate and transport models are deficient in polar regions in their representation of sublimation.
CONCLUSIONS
The processes driving variability in the nitrate surface snow concentrations depend on accumulation regimes, and cannot be linearly attributed to accumulation for all regions of the ice sheet. For sites with low accumulation, spatial variability exceeds the variability of the atmospheric concentration signal as a result of reactive NO x recycling in the surface boundary layer driven by temperature, accumulation, and sublimation variability. Interpretation of ice cores, and site selection for future drilling must therefore take into account the spatial variability of nitrate over the ice sheet, as the preserved nitrate record is non-uniformly distributed over the ice sheet and will inherently be a function location. -HUMB-N 1928 -HUMB-N -1990 -HUMB-N 78.70,-57.20 1905 145 ( 
